Most plant genera contain species with different ploidy levels and ploidy can even vary within a species. Change of ploidy often brings about acquisition of some horticulturally beneficial traits such as seedlessness, large fruit, polyploid vigor and thicker branches with short internodes (Sanford, 1983) . Manipulation of ploidy, therefore, has been considered to be one of the most effective breeding techniques.
Most plant genera contain species with different ploidy levels and ploidy can even vary within a species. Change of ploidy often brings about acquisition of some horticulturally beneficial traits such as seedlessness, large fruit, polyploid vigor and thicker branches with short internodes (Sanford, 1983) . Manipulation of ploidy, therefore, has been considered to be one of the most effective breeding techniques.
Japanese persimmon (Diospyros kaki Thunb.) is a polyploid fruit tree species that has been cultivated for over ten centuries in Japan. Namikawa and Higashi (1928) first reported that japanese persimmon is a hexaploid (2n = 6x = 90) plant. Later, Zhuang et al. (1990) found that a few seedless cultivars are nonaploid (2n = 9x = 135) in contrast to the hexaploidy of most seeded cultivars. Since no dodecaploid persimmons have been found in nature, the nonaploid cultivars are considered to arise from spontaneous crossing between reduced (n) and unreduced (2n) gametes. In fact, Sugiura et al. (2000) demonstrated the occurrence of unreduced giant pollen grains in several monoecious japanese persimmon cultivars and artificially produced nonaploid seedlings by crossing sorted giant pollen grains with a hexaploid female cultivar. Although this technique seems to be very promising for breeding nonaploid seedless cultivars of japanese persimmon, the efficacy of obtaining nonaploid plants was very low, and only about 3% of the seeds obtained had embryos that could be rescued by in vitro culture. Furthermore, the low incidence of giant pollen makes it difficult to use this technique in breeding programs.
Both genetic and environmental factors affect unreduced pollen formation. Specific genotypes produce a larger number of unreduced pollen grains in several plant species such as lily (Lilium spp.; van Tuyl and Stekelenburg, 1988) , alfalfa (Medicago sativa; Calderini and Mariani, 1997) , Lotus tenuis (Negri and Lemmi, 1998) , and genus Vaccinium (Lyrene et al, 2003) . A low or high temperature may stimulate the production of unreduced gametes. A low temperature stimulated the formation of unreduced pollen in Mexican lime (Citrus aurantifolia; Iwamasa and Iwasaki, 1963) , mulberry (Morus spp.; Seki, 1956) , and Dasypyrum villosum (Stefani and colonna, 1996) . By contrast, a high temperature increased the frequency of unreduced pollen formation in perennial ryegrass (Lolium perenne; Den Nijis and Stephenson, 1988) , Lotus tenuis (Negri and Lemmi, 1998), and lily (van Tuyl and Stekelenburg, 1988) .
If the percentage of unreduced pollen formation could be increased by changing environmental factors before flowering, unreduced pollen could be more efficiently used for ploidy manipulation in japanese persimmon. As the first step towards this goal, this study was conducted to determine if a low temperature before flowering could increase the formation of unreduced pollen in several cultivars of japanese persimmon.
Materials and Methods
Plant materials. Five monoecious japanese persimmon cultivars ('Amayotsumizo', 'Gosho', 'Kakiyamagaki', 'Okugosho', and 'Zenjimaru') were used in this study. Fouryear-old trees grafted on seedling rootstocks were grown in plastic pots (25 L) in the field at the experimental farm of Kyoto University, Kyoto. Previous studies showed that proportions of unreduced pollen grains in the pollen samples of 'Amayotsumizo', 'Gosho', and 'Zenjimaru' were about 5% to 18% but 'Kakiyamagaki' and 'Okugosho' barely produced unreduced pollen (Sugiura et al., 2000; Sugiura et al., unpublished data) .
Low-temperature and glasshouse treatments. In 2002, several trees of 'Amayotsumizo', 'Kakiyamagaki', and 'Okugosho', and in 2003, several trees of 'Amayotsumizo', 'Gosho', and 'Zenjimaru' selected at random, were transferred to a cold room (4 °C, dark; low-temperature treatment) about 1 week before the start of flowering (30 Apr. 2002 and 6 May 2003) . These trees were returned to the field after a 48-h treatment. Although the first day of flowering varied slightly with the cultivars, we simultaneously started the low-temperature treatment. Since the flowering period lasted about 2 weeks, there should have been the flower buds at the same developmental stage regardless of the slight difference in the first day of flowering.
Several trees of 'Amayotsumizo', 'Kakiyamagaki', and 'Okugosho' were transferred to a glasshouse on 21 Apr. 2003, to protect them from naturally occurring low temperatures and grown there until the end of experiment (glasshouse treatment). In the glasshouse, the heater was adjusted to operate when the air temperature dropped to 8 °C. This setting kept the lowest air temperature in the glasshouse above 8 °C. Field and glasshouse temperature was recorded every 30 min from 1 month before flowering to the end of flowering.
The field grown potted trees (nontreated) were used as controls of the above two treatments. Table 1 shows the number of trees used for each treatment.
Determination of the percentage of unreduced pollen grains. During the 2 to 3 weeks of flowering period (under the experimental and field conditions), every male flower was observed daily and sampled when first opened. Flowers taken from different trees of the same treatment were pooled. After removing the sepals and petals, flowers were dried for 2 d at room temperature. Released pollen grains were pooled and placed in sealed glass vials, which were then stored at -20 °C with a silica gel desiccant until used. Aliquots of stored pollen were hydrated in cell and protoplast washing (CPW) solution with 0.9 M mannitol (Draper et al., 1988) for 2 h with agitation. Micrographs of pollen grains were captured under a fluorescent microscope with UV excitation (main wave length at 365 nm) and the area of each pollen grain in orthogonal projection was measured using a Scion Image software (Scion Co., Maryland). A histogram was drawn and the boundary between normal and unreduced giant pollens was determined. Because the diameter of unreduced giant pollen grain is about 1.3 times larger than that of reduced normal pollen grains (Sugiura et al., 2000; Zhuang, 1990) , there are two peaks of reduced and unreduced pollen grains in the histogram if unreduced pollen grains are included in the sample. We determined the boundary between the two peaks visually considering both the histogram shape and the about 1.3 times larger diameter of unreduced pollen grains. We regarded the pollen grains larger than the boundary as unreduced pollen grains. More than 1000 pollen grains were measured per treatment. Because sample pollen grains were selected by random sampling and the populations were large enough, we calculated 95% confidence interval for unreduced pollen ratio of each population with binomial distribution (Freund, 1952) .
Results

Experiment in 2002.
Control trees of the persimmon cultivars started to flower at the beginning of May (Fig. 1) and flowering ended at around the end of May. Control trees of 'Amayotsumizo' started to flower on May 6, but those subjected to the low-temperature treatment (30 Apr. to 2 May) started to flower 2 d later, on 8 May (Figs. 1 and 2) . Similarly, the flowering was delayed 2 and 3 d in 'Kakiyamagaki' and 'Okugosho' trees subjected to low-temperature treatment, respectively ( Figs. 1 and 2) .
Figures 1 and 2 show the percentages of unreduced pollen grains in the control and low-temperature-treated trees, respectively, in 2002. Both control and low-temperaturetreated trees of 'Amayotsumizo' produced a large number of unreduced pollen grains (10% to 23%) within the first few days of flowering, namely on 6 to 9 May and 8 to 10 May, respectively. The second peak of production of unreduced pollen grains was observed at 6 to 7 d after the start of flowering in both control and low-temperature-treated trees, namely on 12 to 13 May in control trees and on 14 to 15 May in the low-temperature-treated trees (Figs. 1 and  2) . The third peak of production of unreduced pollen grains was observed 9 to 11 d after the start of flowering, namely on 17 to 19 May, in the trees subjected to the low-temperature treatment (Fig. 2) , but the third peak was not observed in the control trees (Fig. 1) .
Control trees of 'Kakiyamagaki' and 'Okugosho' barely produced unreduced pollen grains throughout the flowering period (Fig. 1) . However, when subjected to the low-temperature treatment, they produced some unreduced pollen grains (1% to 4%) showing a peak on 18 and 17 May, respectively (Fig. 2) .
Control trees of 'Zenjimaru' produced a large number of unreduced pollen (4% to 6%) on 12 to 14 May, while those of 'Gosho' produced 2% to 3% of unreduced pollen during the first half of the flowering period.
Experiment in 2003. Control trees of 'Amayotsumizo' started to flower on 13 May, but the trees subjected to the low-temperature treatment (6 to 8 May) started to flower 2 d later, on 15 May (Figs. 3 and 4) . The trees of 'Gosho' and 'Zenjimaru' in the control group started to flower on 18 and 15 May, respectively, but those subjected to the low-temperature treatment started to flower on 19 May, 1 and 4 d later as compared to the control trees, respectively. On the other hand, the trees of 'Amayotsumizo', 'Kakiyamagaki', and 'Okugosho' grown in the glasshouse started to flower on 8, 10, and 9 May, respectively, 4 to 5 d earlier than the control trees which started to flower on 13 and 14 May (Figs. 3 and 5) . The percentages of unreduced pollen grains in 'Amayotsumizo', 'Gosho', and 'Zenjimaru' trees in the field (control) and those subjected to the low-temperature treatment were high (3% to 20%) in the first few days of the flowering period irrespective of the treatment (Figs. 3  and 4) . In control trees of 'Amayotsumizo' and 'Zenjimaru', the second peak of production of unreduced pollen grains observed on 25 to 26 May (4% to 8%) and on 27 to 28 May (2% to 3%), respectively (Fig. 3) . In 'Amayotsumizo', 'Gosho', and 'Zenjimaru' trees subjected to the low-temperature treatment, the percentage of unreduced pollen grains changed with time (Fig. 4) . Mode of the change varied with the cultivar, but the peak of the percentage of unreduced pollen grains was observed on 25 to 26 May (17 to 18 d after the end of the lowtemperature treatment) in all cultivars.
'Kakiyamagaki' and 'Okugosho' trees kept in the glasshouse barely produced unreduced pollen grains throughout the flowering period as in the control trees in the field (Figs. 3 and  5) . 'Amayotsumizo' trees in the glasshouse, however, produced 5% to 10% of unreduced pollen grains during the first 3 d of flowering and a low percentage of unreduced pollen grains thereafter (Fig. 5) .
Discussion
Flowering of the trees treated by low temperature delayed 1 to 4 d as compared to control trees in both years (Figs. 1-4) . On the other hand, glasshouse grown trees flowered earlier than control trees by 4 to 5 d in 2003 (Figs. 3 and 5) . Low-temperature treatment might have arrested the flower bud development while milder air temperature of glasshouse (Fig. 7) might have accelerated it. Therefore, we had to consider altered flowering period by temperature treatments to determine the effects on unreduced pollen formation. When percentages of unreduced pollen grains in control trees and low-temperature-treated trees of 'Amayotsumizo' in 2002 were compared, they were high (6% to 23%) for the first few days of flowering and 6 to 7 d after the start of flowering (Figs. 1 and 2) ; however, the third peak of production of unreduced pollen grains (7% to 8%) was observed on 17 to 19 May only in the trees subjected to low-temperature treatment. 'Kakiyamagaki' and 'Okugosho' trees subjected to low temperature treatment also produced unreduced pollen (1% to 4%) on 17 to 21 May, while control trees barely produced unreduced pollen throughout the flowering period ( Figs. 1 and 2) . Namely, trees of all three cultivars subjected to low-temperature treatment produced higher percentage of unreduced pollen grains during the same period of 17 to 19 May (15 to 17 d after the end of the low-temperature treatment). These results suggest that the formation of unreduced pollen observed 15 to 17 d after the end of the lowtemperature treatment in these cultivars was induced by the low-temperature treatment. In 2003, percentages of unreduced pollen grains in trees subjected to low-temperature treatment increased (5% to 27%) on 25 to 26 May in all three cultivars (Fig. 4) To examine the effect of naturally occurring low temperatures on the formation of unreduced pollen in the control trees of 'Amayotsumizo', 'Gosho', and 'Zenjimaru', we investigated daily lowest air temperatures in the field (Figs. 6 and 7) . The lowest temperature was below 5 °C on 10 to 14, 19, and 26 to 27 Apr. 2002 (Fig. 6) . Although the effect of the low temperature in the former two periods was unclear, the low temperature on 26 to 27 Apr. seemed to stimulate an increased formation of unreduced pollen grains in 'Amayotsumizo' and 'Zenjimaru', which was observed on 12 to 14 May 2002 (15 to 18 d after they were exposed to the low temperature). This conclusion was drawn based on the observation that unreduced pollen formation was increased 15 to 17 d after the end of the low-temperature treatment as mentioned above. Since the time of flowering was delayed 2 to 3 d by the lowtemperature treatment, the increased unreduced pollen formation observed on 14 to 15 May (18 to 19 d after 26 Apr.) in 'Amayotsumizo' subjected to the low-temperature treatment might also be induced by natural low temperatures on 26 to 27 Apr. (Fig. 2) . In 2003, a temperature below 5 °C was recorded several times in the field (Fig. 7) . Among them, the low temperature on 9 May seemed to enhance the occurrence of unreduced pollen in control trees of 'Amayotsumizo' on 25 to 26 May and in 'Zenjimaru' on 27 to 28 May (Fig. 3) . These periods were 16 to 17 and 18 to 19 d after the control trees of 'Amayotsumizo' and 'Zenjimaru', respectively, encountered the natural low temperature on 9 May and well coincided with the results obtained from the low-temperature treatment.
It is noteworthy that the low-temperature treatment stimulated the formation of unreduced pollen not only in the cultivars naturally producing unreduced pollen ('Amayotsumizo', 'Gosho', and 'Zenjimaru') but also in the cultivars barely producing unreduced pollen in the field condition ('Kakiyamagaki' and 'Okugosho'). Although the occurrence of unreduced pollen was synchronously observed 15 to 17 and 17 to 18 d after the low-temperature treatment in 2002 and 2003, respectively , in all the cultivars tested, the sensitivity to the low temperature seemed to vary with the cultivar. The percentage of unreduced pollen grains produced by the low-temperature treatment was high in 'Amayotsumizo' than in ' Kakiyamagaki' and 'Okugosho' in 2002 (Fig. 2) and in 'Amayotsumizo' and 'Gosho' than in 'Zenjimaru' in 2003 (Fig. 4) . The effect of naturally occurring low temperatures on the unreduced pollen formation also varied with the cultivars (Figs. 1 and 3) . Occurrence of unreduced pollen was enhanced by the natural temperature below 5 °C that lasted only for a few hours in 'Amayotsumizo' and 'Zenjimaru', but such an enhanced unreduced pollen formation was not observed in 'Kakiyamagaki' and 'Okugosho'. The different levels of unreduced pollen formation observed among japanese persimmon cultivars (Sugiura et al., 2000) might be attributed to the different sensitivity to low temperature.
The occurrence of unreduced pollen tended to be high at the beginning of the flowering period even though the cultivars tested started to flower on different dates. In 2002, the highest percentage of unreduced pollen grain was recorded at the beginning of flowering both in the control and the low-temperature-treated trees of 'Amayotsumizo' (Figs. 1 and 2) . In 2003 also, 'Amayotsumizo', 'Gosho', and 'Zenjimaru' trees produced a large number of unreduced pollen grains at the beginning of the flowering season (Figs. 3, 4, and 5 ). This could be caused by the early blooming flowers experiencing more low temperatures. Another possibility is that meiosis in pollen mother cells was unstable in the early flowers, and this led to an increased number of unreduced pollen grains. However, we excluded this possibility because the early blooming flowers of 'Kakiyamagaki' and 'Okugosho' barely produced unreduced pollen. There were no peaks of production of unreduced pollen grains at the first few days of flowering period in 'Gosho' and 'Zenjimaru' in 2002 (Fig. 1) . This may be explained by the milder air temperature in 2002 than in 2003. The milder temperature in 2002 might also stimulate flower development, which lead to the earlier flowering in 2002. Compare to the control and low-temperature-treated trees, glasshouse grown 'Amayotsumizo' trees also produced less amount of unreduced pollen during the initial period of flowering (Figs. 3, 4, and 5) and this is probably due to the milder air temperature in the glasshouse (Fig. 7) .
In conclusion, the present study demonstrates the enhancement of unreduced pollen formation by low temperature and potential use of low-temperature treatment to enhance unreduced pollen formation in japanese persimmon. It is noteworthy that unreduced pollen formation of the cultivars that barely produce unreduced pollen in the field condition could be enhanced by the treatment.
